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Recent developments in community and single-cell genomic approaches
have provided an unprecedented amount of information on the ecology of
microbes in the aquatic environment. However, linkages between each
specific microbe’s identity and their in situ level of activity (be it growth, division or just metabolic activity) are much more scarce. The ultimate goal of
marine microbial ecology is to understand how the environment determines
the types of different microbes in nature, their function, morphology and
cell-to-cell interactions and to do so we should gather three levels of information, the genomic (including identity), the functional (activity or
growth), and the morphological, and for as many individual cells as possible. We present a brief overview of methodologies applied to address
single-cell activity in marine prokaryotes, together with a discussion of the
difficulties in identifying and categorizing activity and growth. We then provide and discuss some examples showing how visualization has been
pivotal for challenging established paradigms and for understanding the
role of microbes in the environment, unveiling processes and interactions
that otherwise would have been overlooked. We conclude by stating that
more effort should be directed towards integrating visualization in future
approaches if we want to gain a comprehensive insight into how microbes
contribute to the functioning of ecosystems.
This article is part of a discussion meeting issue ‘Single cell ecology’.
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1. Introduction
Understanding the ecology of environmental microbes requires collecting
information on the diversity or identity of microbes, their role in the natural
environment, how the different microbes interact among themselves and with
larger organisms, and how all this is affected by environmental variability.
The advent of molecular techniques has revolutionized the field of environmental ecology, providing a tremendous boost to our understanding of
microbial processes, but the ultimate goal should be to develop methods that
can tell us the identity of microbes with their corresponding level of activity,
and that provide information about their size, complexity and behaviour on
an individual cell-basis. Because we are interested in ecology, and microbial
communities are complex, we would need to obtain this information from
as many cells as possible, something that facilitates proper statistical testing
of ecological hypotheses.
In any ecosystem, bacterial cells occur in a continuum of metabolic states:
dead or injured, dormant or non-growing, metabolically active but limited by
one or more essential nutrients, or actively growing. Active cells are those driving ecosystem processes, and thus maintain the ecosystem function potential
[1], growing cells increase the ecosystem function, and inactive cells can be considered a repository of ecosystem functions [2], as they contain all the functional
capabilities of the community and, therefore, can provide ‘ecological insurance’
© 2019 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. Schematic of a prokaryotic cell with indication of some of the methods used to probe cellular activity or growth. Viability probes include a large variety of
stains (e.g. propidium iodine, PI; or DiOC(3)) that can be used to investigate the state of the bacterial membrane, membrane electrical polarization or potential (e.g. [6]).
Another set of probes target the intracellular enzymes, most notably the activity of intracellular esterases (e.g. Calcein Blue) or intracellular pH (e.g. the SNARF series of
stains). The relative properties of the nucleic acids can be detected using stains such as acridine orange, Syto or SybrGreen; or by de-staining after 40 ,6-diamidino-2phenylindole (DAPI) [7]. Closer to cell metabolism, there is an assortment of activity stains, like those targeting the enzymatic processes in the electron transport
respiratory chain, as for example 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium chloride (INT), 5-cyano-2,3-ditolyl tetrazolium chloride (CTC), [8,9]) or
Redox Sensor Green (RSG) [10]. Other approaches involve the detection of the uptake of certain substrates. For example, microautoradiography (MAR) allows detection
of cells active in the uptake of a variety of radioactive substrates, and is possible to quantify the uptake rates for each specific cell (e.g. [11]). Similarly, nanoscale
secondary ion mass spectrometry (nanoSIMS) and RAMAN-microscopy allow detection and quantification of the incorporation of stable-isotope labelled substrates
[12,13]. In the past, the fluorescent signal of fluorescence in situ hybridization (FISH) was considered an estimator of physiological status [14], but with the amplification
of the signal with catalysed reporter deposition (CARD-FISH) the use of this technique is currently limited to the identification of different phylogenetic groups. DNA
duplication can be measured using thymidine analogues that detected immunochemically (BrdU [15]) or by other means (EdU [16]), and protein synthesis can also be
detected using specific synthetic amino acids (bioorthogonal non-canonical amino-acid tagging, BONCAT [17]). Figure updated from del Giorgio & Gasol [18].

to the ecosystem facing change [3]. On the other hand, dead
cells imply a loss of ecosystem function, but they can persist
for a long time in the environment and become a source of
energy and nutrients, and also be a source of genetic innovation through natural transformation [4]. As a result, the
metabolic state of bacterial cells in the environment has profound ecological implications, and scientists have pondered
over this issue since the importance of bacteria in the
marine food web was recognized (e.g. [5]). However, the
level of activity of an individual cell, referred to as its
‘single-cell activity’, is understood in multiple ways by different researchers depending on the targeted functional trait
and the methodology employed, as depicted below.
One of the simplest approaches to assess the physiological
status of a bacterial cell is to account for whether the cell is
active or inactive in a given biogeochemical process: e.g.
whether the cell is respiring, or whether the cell is photosynthesizing, or taking up a specific compound (figure 1;
see also [18,19] for a detailed overview on this topic). Another
approach is to consider whether the cell is actively growing,
but here things might get more complex because growth
can be defined by division or by biomass production, which
does not necessarily indicate division. In addition, cells can
be metabolizing (i.e. respiring) yet not actively growing.
Another way is to probe whether the cell is intact or shows
signs of degradation, e.g. has lost membrane potential, or
has a leaky membrane (figure 1). While some of the methods
used to assess the metabolic state are qualitative, others are
more or less quantitative, i.e. with the needed calibrations a

certain level of metabolism can be assigned to each of the
cells, and some methods can be combined with other tools
to gather phylogenetic information (as we will expand below).
Given that natural planktonic bacteria sometimes have
levels of activity that are below or in the range of the
methods’ detection, and that the different methods target
different processes, none of the ‘active’ ‘inactive’ ‘dead’ or
‘growing’ categories can in practice be well defined, and
they are basically operational depending on the method
used (e.g. [20]). That the methods might not offer absolute
results does not impede their use to answer ecologically relevant questions, in which a comparative approach is still
valid. As an example, microautoradiography (MAR) combined with fluorescent in situ hybridization (FISH) has been
used to describe which bacterial groups are more limited
by an inorganic nutrient [21], or to quantify substrate
uptake by individual cells [11], or the relative contribution
of different phylogenetic groups to the use of dissolved
organic matter or inorganic nutrients [22,23].
Yet, there are several issues regarding the use of most
single-cell methods that are worth mentioning because they
illustrate some of the problems that researchers might
encounter in their daily use and interpretation. One obvious
one, but not always taken into account, is that the affinity for
the substrate plays a role in the level of activity we detect (e.g.
[24]). For example, marine Flavobacteria display very low
levels of activity compared with other groups when amino
acids are used as substrate in MAR assays, because they
have a preference for high molecular weight compounds
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Because a major challenge in microbial ecology is to link identity and function, considerable efforts have been invested
towards the development of techniques that allow this link.
This topic has been the subject of thorough reviews in the
last years [12,29–32], so we will only provide an overview
of the techniques available and discuss how visualization is
often determinant to understand the ecology of microbes.
Most studies looking at single-cell activity in the ocean
have focused on detecting protein or nucleic acid synthesis,
traditionally measured using radioactive or stable-isotope
labelled substrates. Initially, marine microbiologists used the
capabilities of the flow cytometer to distinguish subpopulations of microbes (based on their size, nucleic acid content
or pigment content) to flow sort these specific populations
labelled with radio- or stable-isotopes [33] or specific dyes
[34], sometimes including the downstream molecular characterization of the sorted populations (see [35] for a review on
this topic).
MAR coupled with FISH has been the most widely
used technique to link activity and function in the marine
environment [11,22]. MAR-FISH (sometimes referred to as
MAR-catalysed reporter deposition (CARD)-FISH when this
variant of FISH is used, but also as STAR-FISH) has the advantages of substrate flexibility (any radio-labelled compound),
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2. Linking activity and identity, stressing the
relevance of visualization

high sensitivity, and that allows cells visualization, but the
use of radioactive isotopes requires a specialized facility, and
the processing of samples is destructive and relatively time
consuming. Despite these disadvantages, the use of
MAR-FISH has enabled, among many other things, the
quantification of the contribution of certain bacterial and
archaeal groups to different processes in the ocean [11] (and
see [18,36,37] for an overview of MAR-FISH studies). An
alternative non-radioactive method to visualize active cells is
the use of the thymidine analogue bromodeoxyuridine
(BrdU), followed by immunocytochemical detection of the
DNA synthesizing cells [38], with further DNA analysis
(16S-based diversity or metagenomics [39]) or FISH identification [15,40]. Yet, this technique is tedious, involves
multiple steps that may result in sample loss, and there are
some indications that BrdU might be toxic for some cells [41].
Another method used for linking identity and activity is
stable-isotope-probing (SIP). It involves incubating an
environmental sample with a stable-isotope labelled substrate, so that the active microorganisms can be identified
by selective recovery and analyses of heavy-isotope enriched
cellular components, like DNA, RNA, lipids or proteins (see
[12,31,42] for reviews on this topic). It has been most commonly used for DNA (DNA-SIP) to elucidate which
microbes are driving processes in the environment, like for
instance methanol assimilation in coastal seawater [43]. SIP
can also be combined with single-cell resolution techniques
such as Raman micro-spectroscopy (Raman) and nanoscale
secondary ion mass spectrometry (nanoSIMS). Raman is a
vibrational spectroscopic method that allows chemical fingerprinting of individual cells [44]. It can be combined with
FISH [45], and because the method is non-destructive, cells
can undergo downstream analyses like targeted sorting of
active cells for molecular characterization [46]. NanoSIMS is
a destructive technique, but coupled with variations of
FISH has provided very insightful information about
metabolic fluxes within a symbioses [47], and the contribution of different microorganisms to fluxes of carbon and
nitrogen in the environment [48–50]. Both Raman and
nanoSIMS have high spatial resolution combined with sensitive quantification of the incorporated stable–isotope labelled
compounds. The downside of both is that measurements are
relatively low-throughput and dependent upon expensive
instrumentation, most often available only at dedicated technical services. In addition, because of the oligotrophic nature of
the ocean, incubations with stable-isotope labelled substrates
are long, which may result in cross-feeding of labelled excreted
products (i.e. labelled metabolites are released by the primary
consumers and used by other microbes). This issue has been
overcome in some studies with the use of heavy water
(D2O), because deuterium can be used in lieu of hydrogen
during lipid biosynthesis, and can be detected in prokaryotic
cells within seconds after addition [46]. Moreover, the use of
Raman for the sorting of deuterium-labelled live cells has
recently been improved by increasing the throughput sorting
potential from 1–2 sorted cells h−1 to 500 cells h−1 [51].
In the last years, click chemistry-based approaches like
bioorthogonal non-canonical amino-acid tagging (BONCAT)
have also arisen as a promising alternative to observe translationally active cells in the environment [16,17,52–54].
BONCAT uses synthetic amino acids (analogues for methionine) that upon incorporation can be fluorescently detected via
copper-catalysed alkyne–azide click chemistry. It has the
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[22]. So if using amino acids to evaluate the metabolic state of
Flavobacteria and quantifying their contribution to carbon
flow, we would obtain biased results. Similarly, method
interpretation might also be biased by the observation
device. For example, 5-cyano-2,3-ditolyl tetrazolium chloride
(CTC) is an activity stain that has been used to detect and
quantify the cells that are actively respiring in a bacterial
community (figure 1). The method was first used with
microscopy, but soon flow cytometry was incorporated as
an efficient approach to quantify the distribution of respiration
activities within a population with statistical confidence [25]. A
few years later, the method raised criticism because CTC was
seen to be toxic in natural communities, inhibiting protein synthesis [26,27]. Indirect visualization through flow cytometry
was key to unveiling that the formazan salt granules produced
upon reduction of CTC ended up breaking the cells [28] but
the granules were still indicating the respiratory activity, thus
resolving the contradiction between the toxic effect observed
and the method reliability to estimate the proportion of
actively respiring cells if incubation times were kept low.
These examples reiterate the need to experimentally determine
the accuracy of the cell-specific activity method of choice for
microbes in their natural environment.
Many of the single-cell methods shown in figure 1 seem
to have lost popularity in the last years, perhaps owing to
both the lack of certainty about what process they are
measuring and also as a consequence of the blooming of
high-throughput sequencing technologies. However, the era
of descriptive science based on ‘omic and diversity data’ is
probably over, and right now we should be moving towards
a more hypothesis-driven science, which may result in the
comeback of some of these single-cell methods, particularly
those that can be coupled with downstream analyses for
molecular characterization, as detailed in the next section.
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Figure 2. Diagram of cultured independent techniques that allow visualization of active microbes at the single-cell level. MAR relies in the incubation of a sample
with a radio-labelled substrate, BONCAT with an artificial amino-acid (surrogate for methionine) and Raman and nanoSIMS with a stable-isotope labelled substrate
(see text for details). These four techniques can be coupled with catalysed reporter deposition fluorescence in situ hybridization (CARD-FISH) to target-specific
prokaryotic groups, which enables the quantification of the relative contribution of these groups to the activity. Visualization allows for the characterization of
the cells in terms of cell size or biomass, and naturally occurring associations between cells. Among these single-cell techniques, only BONCAT and Raman can
be coupled with the sorting of active populations for follow-up molecular characterization in terms of diversity (16S rRNA gene) or functional potential
(single-cell amplified genomes or metagenomes of active cells). NanoSIMS image courtesy of Nestor Arandia and Anne Dekas.

advantage that substrate concentrations in the micromolar
range do not result in the induction of inactive cells, and
the fluorescence intensity of the BONCAT signal correlates
well with values of heterotrophic prokaryotic production
[54]. BONCAT can be coupled with FISH [17,54], and with
fluorescence-activated cell sorting (FACS) [53], so that
follow-up molecular analyses to characterize the active populations can be performed.
Although the development of ‘omics approaches has
provided an unprecedented way of looking at the microorganisms in the ocean and has unveiled metabolic
processes that were hitherto unknown, inferring activity
from genetic data is still extremely challenging. Visualization
of the cells through microscopy or indirect techniques like
flow cytometry add an extra layer of information that has
often been shown to be essential to grasp the relevance of certain processes or the key players involved in these processes.
Just a few examples of this postulate: most carbon fixation in
the dark ocean was until recently attributed to Marine group I
Thaumarchaeota given their numerical dominance in the
dark ocean prokaryotic communities [55,56]. However, the
combination of a variety of ’omics data with the observation
and quantification of single-cell activity using MAR-FISH
were determinant to conclude that low abundant nitrite-oxidizing bacteria have a major role in carbon fixation in the
dark ocean, owing to the larger cell size and cell biomass of

these bacteria compared to Thaumarchaeota [57]. Similarly,
BONCAT-FISH and BONCAT-FACS were crucial to identify
the key players in a microbial consortia catalysing the anaerobic oxidation of methane in deep methane seep sediments
[53], which would have been impossible to tackle by non-targeted ’omics techniques, where the spatial resolution and the
aggregation at the microscale is lost. Another nice example is
the story behind the unusual endosymbiotic nitrogen-fixing
cyanobacterium UCYN-A, that was initially discovered
from short nifH sequences in the 1990s. It was not until the
use of single-cell approaches like single-cell sorting and
downstream molecular analyses together with the visualization through FISH (see [58] and references therein) that the
ecology of this globally relevant symbiotic cyanobacterium
was understood. Years later, nanoSIMS approaches were
also decisive to unravel that UCYN-A plays a major role in
the marine nitrogen cycle [49].
So far only Raman and BONCAT approaches can be
combined with techniques that allow direct visualization of
the cells, with a broad phylogenetic characterization through
CARD-FISH, and sorting of active subpopulations that can be
used to assess their diversity (16S-rRNA gene sequencing) or
their functional potential (metagenomes or single-cell amplified genomes, figure 2). Raman has the advantage over
BONCAT that deuterium allows in principle tracking all
active cells (autotrophs or heterotrophs), and it does not
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The importance of visualization to understand the ecology of
microbes goes beyond the characterization of the active
microbiome, and it is not only limited to the prokaryotic
world. For instance, four different approaches have been
used for quantifying nanoflagellate predation of prokaryotes
and partitioning feeding rates into different groups of protists: (i) detection of stable-isotope labelled prey in the
protist nucleic acids using SIP [59,60], (ii) flow cytometric
separation of protistan groups based on size and fluorescence
after feeding on radio-labelled bacterial tracers [61],
(iii) microscopic observation of FISH-targeted protists feeding
on fluorescently labelled bacterial tracers [62], and (iv) flow
cytometric separation of single protist cells using a food vacuole stain and downstream phylogenetic fingerprinting of
protists and preys [63]. The first of these approaches allowed
molecular identification of the protists feeding on cyanobacteria and picoeukaryotes, but given the limitations of the
method, the feeding rates could not be quantified. The
second approach was used to quantify the rates by different
cytometrically determined groups, but the method could
not discriminate further. In the third of the approaches, the
rates could be determined for different protistan groups via
epifluorescence microscopy. With the fourth approach specific
interactions between uncultured protists and their prey were

untangled. Another example is provided in the work by
Lima-Mendez et al. [64] that modelled the interaction between
virus, prokaryotes and eukaryotes in the Global Ocean through
co-occurrence networks using amplicon sequences and genomic data. In this case, microscopic observation was key to
validate some of the network-generated hypotheses related to
symbiosis, something that the molecular data alone could not
do. Recently, a creative combination of a classical technique
used in virology—the plaque assay—with advanced mass
spectrometry imaging, has allowed visualization of the metabolic cross-talk between the coccolithophore Emiliania huxleyi
and its virus at different stages of infection [65], unravelling a
very heterogeneous and dynamic landscape of metabolic
states. Similarly, transmission electronic microscopy has been
crucial to unveiling that the production of membrane vesicles
is a common trait in the three domains of life [66], broadening
our view of how microbes interact in the ocean.
To summarize, visualization has been often decisive for
understanding cell–cell interactions, and quantifying the
role of marine microbes in global biogeochemical cycles.
Although our field is experiencing a new era of discovery,
with major breakthroughs derived from ’omics data, future
works should try to integrate visualization if we want to
gain a comprehensive view of how microbes contribute to
the functioning of the marine ecosystem.
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require cell fixation [51], whereas BONCAT relies on the ability of cells to take up methionine. On the other hand,
BONCAT has a higher throughput that Raman, and thousands of cells can be analysed in a minute. Both these
techniques open avenues in environmental research to
tackle the role of prokaryotes in different biogeochemical
cycles at the individual cell level, which is key for a better
comprehension of microbial processes in the ocean.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Biotechnol. 41, 1–8. (doi:10.1016/j.copbio.2016.
02.017)
Neufeld JD, Schäfer H, Cox MJ, Boden R, McDonald
IR, Murrell JC. 2007 Stable-isotope probing
implicates Methylophaga spp and novel
Gammaproteobacteria in marine methanol and
methylamine metabolism. ISME J. 1, 480. (doi:10.
1038/ismej.2007.65)
Lorenz B, Wichmann C, Stöckel S, Rösch P, Popp J.
2017 Cultivation-free Raman spectroscopic
investigations of bacteria. Trends Microbiol. 25,
413–424. (doi:10.1016/j.tim.2017.01.002)
Huang WE, Stoecker K, Griffiths R, Newbold L,
Daims H, Whiteley AS, Wagner M. 2007 RamanFISH: combining stable-isotope Raman spectroscopy
and fluorescence in situ hybridization for the single
cell analysis of identity and function. Environ.
Microbiol. 9, 1878–1889. (doi:10.1111/j.1462-2920.
2007.01352.x)
Berry D et al. 2015 Tracking heavy water (D2O)
incorporation for identifying and sorting active
microbial cells. Proc. Natl Acad. Sci. USA 112,
194–203. (doi:10.1073/PNAS.1420406112)
Foster RA, Kuypers MMM, Vagner T, Paerl RW,
Musat N, Zehr JP. 2011 Nitrogen fixation and
transfer in open ocean diatom-cyanobacterial
symbioses. ISME J. 5, 1484–1493. (doi:10.1038/
ismej.2011.26)
Musat N et al. 2008 A single-cell view on the
ecophysiology of anaerobic phototrophic bacteria.
Proc. Natl Acad. Sci. USA 105, 17 861–17 866.
(doi:10.1073/pnas.0809329105)
Martínez-Pérez C et al. 2016 The small unicellular
diazotrophic symbiont, UCYN-A, is a key player in
the marine nitrogen cycle. Nat. Microbiol. 1, 16163.
(doi:10.1038/nmicrobiol.2016.163)
Arandia-Gorostidi N, Weber PK, Alonso-Sáez L,
Morán XAG, Mayali X. 2017 Elevated temperature
increases carbon and nitrogen fluxes between
phytoplankton and heterotrophic bacteria through
physical attachment. ISME J. 11, 641–650. (doi:10.
1038/ismej.2016.156)
Lee KS et al. 2019 An automated Raman-based
platform for the sorting of live cells by functional
properties. Nat. Microbiol. 4, 1035. (doi:10.1038/
s41564-019-0394-9)
Samo TJ, Smriga SP, Malfatti F, Pedler BE, Azam F.
2014 Broad distribution and high proportion of
protein synthesis active marine bacteria revealed by
click chemistry at the single-cell level. Front. Mar.
Sci. 1, 1–18. (doi:10.3389/fmars.2014.00048)
Hatzenpichler R, Connon SA, Goudeau D,
Malmstrom RR, Woyke T, Orphan VJ. 2016
Visualizing in situ translational activity for
identifying and sorting slow-growing archaeal−
bacterial consortia. Proc. Natl Acad. Sci. USA 113,
E4069–E4078. (doi:10.1073/pnas.1603757113)
Leizeaga A, Estrany M, Forn I, Sebastián M. 2017
Using click-chemistry for visualizing in situ changes
of translational activity in planktonic marine
bacteria. Front. Microbiol. 8, 2360. (doi:10.3389/
fmicb.2017.02360)

6

Phil. Trans. R. Soc. B 374: 20190083

18.

29.

marker of bacterial activity. Aquat. Microb. Ecol. 46,
71–83. (doi:10.3354/ame046071)
Singer E, Wagner M, Woyke T. 2017 Capturing the
genetic makeup of the active microbiome in situ.
ISME J. 11, 1949–1963. (doi:10.1038/ismej.2017.59)
Gao D, Huang X, Tao Y. 2016 A critical review of
NanoSIMS in analysis of microbial metabolic activities
at single-cell level. Crit. Rev. Biotechnol. 36,
884–890. (doi:10.3109/07388551.2015.1057550)
Dumont MG, Murrell JC. 2005 Stable isotope
probing: linking microbial identify to function. Nat.
Rev. Microbiol. 3, 449. (doi:10.1038/nrmicro1162)
Musat N, Musat F, Weber PK, Pett-Ridge J. 2016
Tracking microbial interactions with NanoSIMS. Curr.
Opin. Biotechnol. 41, 114–121. (doi:10.1016/j.
copbio.2016.06.007)
Zubkov MV, Fuchs BM, Burkill PH. 2001 Comparison
of cellular and biomass specific activities of
dominant bacterioplankton groups in stratified
waters of the Celtic Sea. Appl. Environ. Microbiol.
67, 5210–5218. (doi:10.1128/AEM.67.11.5210)
Lebaron P, Servais P, Baudoux AC, Bourrain M,
Courties C, Parthuisot N. 2002 Variations of
bacterial-specific activity with cell size and nucleic
acid content assessed by flow cytometry. Aquat.
Microb. Ecol. 28, 131–140. (doi:10.3354/
ame028131)
Lomas MW, Bronk DA, van den Engh G. 2011 Use of
flow cytometry to measure biogeochemical rates
and processes in the ocean. Annu. Rev. Mar. Sci. 3,
537–566. (doi:10.1146/annurev-marine-120709142834)
Alonso-Sáez L, Sánchez O, Gasol JM, Alonso-sa L.
2012 Bacterial uptake of low molecular weight
organics in the subtropical Atlantic: are major
phylogenetic groups functionally different? Limnol.
Oceanogr. 57, 798–808. (doi:10.4319/lo.2012.57.
3.0798)
Kirchman DL. 2016 Growth rates of microbes in the
oceans. Annu. Rev. Mar. Sci. 8, 285–309. (doi:10.
1146/annurev-marine-122414-033938)
Hamasaki K, Long R, Azam F. 2004 Individual cell
growth rates of marine bacteria, measured by
bromodeoxyuridine incorporation. Aquat. Microb.
Ecol. 35, 217–227. (doi:10.3354/ame035217)
Mou X, Sun S, Edwards RA, Hodson RE, Moran MA.
2008 Bacterial carbon processing by generalist
species in the coastal ocean. Nature 451, 708–711.
(doi:10.1038/nature06513)
Tada Y, Taniguchi A, Hamasaki K. 2010 Phylotypespecific growth rates of marine bacteria measured
by bromodeoxyuridine immunocytochemistry and
fluorescence in situ hybridization. Aquat. Microb.
Ecol. 59, 229–238. (doi:10.3354/ame01412)
Yin B, Crowley D, Sparovek G, De Melo WJ,
Borneman J. 2000 Bacterial functional redundancy
along a soil reclamation gradient. Appl. Environ.
Microbiol. 66, 4361–4365. (doi:10.1128/AEM.66.10.
4361-4365.2000)
Coyotzi S, Pratscher J, Murrell JC, Neufeld JD. 2016
Targeted metagenomics of active microbial
populations with stable-isotope probing. Curr. Opin.

royalsocietypublishing.org/journal/rstb

16.

Microbiol. 68, 5728–5736. (doi:10.1128/AEM.68.11.
5728)
Smriga S, Samo TJ, Malfatti F, Villareal J, Azam F.
2014 Individual cell DNA synthesis within natural
marine bacterial assemblages as detected by ‘click’
chemistry. Aquat. Microb. Ecol. 72, 269–280.
(doi:10.3354/ame01698)
Hatzenpichler R, Scheller S, Tavormina PL, Babin
BM, Tirrell DA, Orphan VJ. 2014 In situ visualization
of newly synthesized proteins in environmental
microbes using amino acid tagging and click
chemistry. Environ. Microbiol. 16, 2568–2590.
(doi:10.1111/1462-2920.12436)
Del Giorgio PA, Gasol JM. 2008 Physiological
structure and single-cell activity in marine
bacterioplankton. In Microbial ecology of the oceans:
second edition (ed. DL Kirchman), pp. 243–298.
Hoboken, NJ: John Wiley & Sons, Inc.
Joux F, Lebaron P. 2000 Use of fluorescent probes to
assess physiological functions of bacteria at singlecell level. Microbes Infect. 2, 1523–1525. (doi:10.
1016/S1286-4579(00)01307-1)
Smith EM, Giorgio PA. 2003 Low fractions of active
bacteria in natural aquatic communities? Aquat.
Microb. Ecol. 31, 203–208. (doi:10.3354/
ame031203)
Sebastián M, Gasol J. 2013 Heterogeneity in the
nutrient limitation of different bacterioplankton
groups in the eastern Mediterranean Sea. ISME J. 7,
1665–1668. (doi:10.1038/ismej.2013.42)
Cottrell MT, Kirchman DL. 2000 Natural assemblages
of marine proteobacteria and members of the
Cytophaga-Flavobacter cluster consuming low- and
high-molecular-weight dissolved organic matter.
Appl. Environ. Microbiol. 66, 1692–1697. (doi:10.
1128/AEM.66.4.1692-1697.2000)
Longnecker K, Lomas MW, Van Mooy BAS. 2010
Abundance and diversity of heterotrophic bacterial
cells assimilating phosphate in the subtropical North
Atlantic Ocean. Environ. Microbiol. 12, 2773–2782.
(doi:10.1111/j.1462-2920.2010.02247.x)
Alonso C, Pernthaler J. 2006 Concentrationdependent patterns of leucine incorporation by
coastal picoplankton. Appl. Environ. Microbiol. 72,
2141–2147. (doi:10.1128/AEM.72.3.21412147.2006)
Sieracki ME, Cucci TL, Nicinski J. 1999 Flow
cytometric analysis of 5-cyano-2,3-ditolyl
tetrazolium chloride activity of marine
bacterioplankton in dilution cultures. Appl. Environ.
Microbiol. 65, 2409–2417.
Ullrich S, Karrasch B, Hoppe HG. 1999 Is the CTC dye
technique an adequate approach for estimating
active bacterial cells? Aquat. Microb. Ecol. 17,
207–209. (doi:10.3354/ame017207)
Servais P, Agogué H, Courties C, Joux F, Lebaron P.
2001 Are the actively respiring cells (CTC+) those
responsible for bacterial production in aquatic
environments? FEMS Microbiol. Ecol. 35, 171–179.
(doi:10.1016/S0168-6496(01)00089-7)
Gasol JM, Arístegui J. 2007 Cytometric evidence
reconciling the toxicity and usefulness of CTC as a

60.

61.

62.

2012 Unveiling in situ interactions between
marine protists and bacteria through single cell
sequencing. ISME J. 6, 703–707. (doi:10.1038/ismej.
2011.126)
64. Lima-Mendez G et al. 2015 Ocean plankton.
Determinants of community structure in the global
plankton interactome. Science 348, 1262073.
(doi:10.1126/science.1262073)
65. Schleyer G et al. 2019 In plaque-mass
spectrometry imaging of a bloom-forming alga
during viral infection reveals a metabolic
shift towards odd-chain fatty acid lipids.
Nat. Microbiol. 4, 527. (doi:10.1038/s41564-0180336-y)
66. Soler N, Krupovic M, Marguet E, Forterre P. 2015
Membrane vesicles in natural environments: a major
challenge in viral ecology. ISME J. 9, 793. (doi:10.
1038/ismej.2014.184)

7

Phil. Trans. R. Soc. B 374: 20190083

63.

surface waters. Environ. Microbiol. 11, 512–525.
(doi:10.1111/j.1462-2920.2008.01793.x)
Orsi WD, Wilken S, del Campo J, Heger T, James E,
Richards TA, Keeling PJ, Worden AZ, Santoro AE.
2018 Identifying protist consumers of
photosynthetic picoeukaryotes in the surface ocean
using stable isotope probing. Environ. Microbiol. 20,
815–827. (doi:10.1111/1462-2920.14018)
Zubkov MV, Tarran GA. 2008 High bacterivory
by the smallest phytoplankton in the North
Atlantic Ocean. Nature 455, 224. (doi:10.1038/
nature07236)
Unrein F, Gasol JM, Not F, Forn I, Massana R. 2014
Mixotrophic haptophytes are key bacterial grazers in
oligotrophic coastal waters. ISME J. 8, 164. (doi:10.
1038/ismej.2013.132)
Martinez-Garcia M, Brazel D, Poulton NJ, Swan BK,
Gomez ML, Masland D, Sieracki ME, Stepanauskas R.

royalsocietypublishing.org/journal/rstb

55. Karner MB, Delong EF, Karl DM. 2001 Archaeal
dominance in the mesopelagic zone of the Pacific
Ocean. Nature 409, 507. (doi:10.1038/35054051)
56. Teira E, Van Aken H, Veth C, Herndl GJ. 2006
Archaeal uptake of enantiomeric amino acids in the
meso- and bathypelagic waters of the North
Atlantic. Limnol. Oceanogr. 51, 60–69. (doi:10.
4319/lo.2006.51.1.0060)
57. Pachiadaki MG et al. 2017 Major role of nitriteoxidizing bacteria in dark ocean carbon fixation. Science
358, 1046–1051. (doi:10.1126/science.aan8260)
58. Zehr JP, Kudela RM. 2010 Nitrogen cycle of the
open ocean: from genes to ecosystems. Annu. Rev.
Mar. Sci. 3, 197–225. (doi:10.1146/annurev-marine120709-142819)
59. Frias-Lopez J, Thompson A, Waldbauer J, Chisholm
SW. 2009 Use of stable isotope-labelled cells to
identify active grazers of picocyanobacteria in ocean

